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Abstract 16 
The contamination of producer gas with tars from biomass gasification remains a significant 17 
challenge in the bioenergy industry and a critical barrier, limiting the commercial applications 18 
of biomass gasification. Non-thermal and non-equilibrium plasma offers an unconventional 19 
and emerging technology for the effective reduction of problematic tars from gasification. In 20 
this study, we investigated plasma reforming of naphthalene as a two-ring tar model 21 
compound using a gliding arc discharge (GAD) reactor with/without steam. The influence on 22 
the plasma conversion of naphthalene based on the inlet naphthalene concentration, discharge 23 
power and steam-to-carbon ratio was examined to understand the effects of these operating 24 
parameters on the destruction of tar, gas selectivity/yield and process efficiency. Adding H2O 25 
in the plasma process generates oxidative OH radicals, creating additional reaction routes for 26 
the step-wised oxidation of naphthalene and its fragments towards the CO, CO2 and water. 27 
The optimum ratio (2.0) of steam-to-carbon was identified to achieve the highest naphthalene 28 
conversion (84.8%), C2H2 yield (33%), total gas yield (72.2%) and energy efficiency (5.7 29 
g/kWh). The effect of the amount of steam on the plasma reduction of tars was dependent on 30 
the balance between two opposite effects due to the presence of steam: positive effect of OH 31 
radicals and the negative effect of electron attachment on water molecules. Introducing an 32 
appropriate amount of steam to the plasma reduction of naphthalene also substantially 33 
minimized the formation of by-products and enhanced the carbon balance. Plausible reaction 34 
mechanisms for the plasma decomposition of naphthalene were proposed through a 35 
comprehensive analysis of gaseous and condensable products combined with plasma 36 
spectroscopic diagnostics.  37 
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1. Introduction  43 
Biomass has been highlighted as one of the most important renewable energy sources to meet 44 
the increasing energy demand as well as the mitigation of global climate change. Biomass 45 
gasification provides a green and sustainable route for the production of high calorific value 46 
biosyngas (H2 and CO), which can be used to produce electricity, heat, chemicals and fuels 47 
[1]. However, biosyngas generated from biomass gasification processes contains undesirable 48 
contaminates, including particulate matters, SO2, NOx and tars. Particularly, the 49 
contamination of biosyngas with problematic tars has been highlighted as one of the major 50 
challenges in the bioenergy industry and a critical barrier that limits the commercial 51 
applications of biomass gasification technology. Gasification tar, as a mixture of complex 52 
condensable hydrocarbons, consists of a range of aromatic hydrocarbons with single to 53 
multiple rings [2]. The presence of tars in biosyngas reduces the quality of producer gas and 54 
causes serious operational issues such as blocking, fouling and corrosion throughout the 55 
process [3]. Hence, developing cost-effective and emerging processes for the reduction of 56 
problematic tars in biomass gasification to produce high-quality and clean biosyngas is 57 
essential and of vital importance for the successful implementation of gasification technology, 58 
especially when using syngas for the further synthesis of higher value chemical feedstocks. 59 
 60 
Considerable efforts have been placed on finding solutions for the reduction of tars from the 61 
gasification of biomass waste, including physical methods (e.g. using cyclone, bag filters, and 62 
absorbers) [2, 4], thermal cracking [5] and catalytic reforming [6-8]. However, the use of 63 
physical methods can lead to secondary pollution especially when removing high 64 
concentration tars with multiple aromatic rings. In addition, using a physical approach cannot 65 
recover the chemical energy contained in tars, thus lowering the overall energy efficiency of 66 
this technology [3]. Thermal cracking processes usually requires a very high reaction 67 
temperature (over 1000 °C) for the complete decomposition of heavy carbon molecules, 68 
incurring high energy costs [8]. Although catalytic reforming has been considered as a very 69 
attractive process for the conversion of tars into syngas, the major challenge in conventional 70 
catalytic reforming of tars is catalyst deactivation and stability resulted from the blocking and 71 
poisoning of the catalysts due to carbon deposition on catalyst surfaces at relatively high 72 
temperatures (> 600 oC). Finding highly reactive and stable coke-resistant catalysts is crucial 73 
but remains a big challenge for the long-term operation of biomass gasification systems to get 74 
high quality biosyngas at commercial scale. 75 
 76 
Non-thermal plasma (NTP) has attracted increasing interest as an unconventional but 77 
promising and emerging low temperature technology for tar reduction and fuel synthesis [9, 78 
10]. Electrons and reactive species including radicals and excited species generated in NTP 79 
can initiate a variety of chemical reactions at ambient conditions. NTP is highly 80 
non-equilibrated, which offers its unique capability to enable thermodynamic unfavourable 81 
chemical processes (e.g., high temperature reforming reactions) to proceed under ambient 82 
conditions[11, 12]. Plasma processes can be switched on and off instantly, thus offering a 83 
high flexibility that can be integrated with renewable and clean energy sources such as wind 84 
and solar power, especially surplus energy from wind power for chemical energy storage to 85 
further reduce carbon emissions.  86 
Despite significant efforts having been concentrated on investigating the destruction of gas 87 
pollutants such as volatile organic compounds (VOCs) using different plasma processes, far 88 
less has been done on the plasma processing of tars for biosyngas clean-up and energy 89 
recovery. Up until now, most of previous studies owing to the complicated structure and 90 
composition of tars, have mainly concentrated on the reforming of tar model compounds with 91 
a single aromatic ring (e.g. toluene [13-15], benzene [7, 15, 16], phenol [17], etc) while 92 
naphthalene, a major substance of tars, has received less attention [18, 19]. Although using 93 
NTP for the degradation of highly diluted naphthalene (ppm level) in the form of polycyclic 94 
aromatic hydrocarbons (PAHs) was reported, mainly through an oxidation process to produce 95 
CO2 and water. Yu et al. assessed the influence of different carrier gases (Ar, N2, O2 and air) 96 
on the destruction of naphthalene as a PAH pollutant undergoing combustion using a 97 
direct-current (DC) gliding arc discharge (GAD) at ambient pressure [20]. The highest 98 
conversion of naphthalene was obtained when using oxygen as a carrier gas [20]. Ayman et al. 99 
investigated the oxidation of naphthalene (20-70 ppm) using a carrier gas containing oxygen 100 
in a surface discharge reactor, and found that the removal of naphthalene declined 101 
dramatically from 100% to 31.2% when changing the gas flow from 2 to 4 L/min [21, 22]. 102 
Wu et al. evaluated naphthalene (60 ppm) oxidation over a TiO2/diatomite catalyst coupled 103 
with a dielectric barrier discharge (DBD) [23, 24]. Ozone (150 ppm) was identified as a 104 
by-product in the plasma-catalytic oxidation of naphthalene [23, 24]. Clearly, in these 105 
reported works naphthalene was usually treated as a model pollutant of PAHs with low 106 
concentration (ppm level), whereas the concentration of naphthalene to be removed from the 107 
gasification of biomass waste is significantly higher (1-3 orders of magnitude) and the target 108 
products of plasma reforming of naphthalene are syngas with light hydrocarbons, to achieve 109 
both tar reduction and energy recovery rather than CO2, water or ozone. Water vapor or steam 110 
is a common product present in the producer gas from biomass gasification. From an 111 
industrial application point of view, gas humidity is one of the most critical factors affecting 112 
the effectiveness of plasma reforming processes. However, far less has been done to 113 
understand how the presence of H2O and the steam-to-carbon (S/C) ratio affects the 114 
conversion of tars (e.g., naphthalene) and by-products formation in the plasma processing of 115 
naphthalene. The influence of H2O on the plasma chemistry and reaction pathways in the 116 
plasma reduction of naphthalene is still not clear. Therefore, gaining in-depth understanding 117 
on the plasma reforming of naphthalene especially in the presence of steam is the key to 118 
make this promising technology more attractive and competitive. In addition, a 119 
comprehensive analysis of gaseous products and by-products coupled with plasma optical 120 
diagnostics could lay an important foundation to gain new insights into the underlying 121 
reforming chemistry and reaction pathways in this process, which could generate valuable 122 
information to further enhance and optimize the plasma tar reduction technology.  123 
 124 
In this work, plasma reforming of naphthalene with and without steam was performed using a 125 
gliding arc system with knife-shaped electrodes. Gliding arc discharge has proved to be more 126 
efficient for the conversion of methane, carbon dioxide and large carbonic molecules, 127 
especially aromatic compounds (e.g., toluene), compared to other plasma technologies, such 128 
as corona discharge, glow discharge and DBD. Naphthalene was selected as a tar surrogate as 129 
it represents the stable two-ring aromatic products formed in biomass gasification but has not 130 
received sufficient attention in the past years. The influence of various operating parameters 131 
such as the concentration of the naphthalene feed, S/C ratio and discharge power were 132 
examined. In addition, plasma spectroscopic diagnostics was used to investigate the 133 
generation of chemically reactive species (e.g. OH, C2, CN and NH) and their roles in the 134 
plasma tar reduction process. Underlying plasma chemistry and plausible reaction pathways 135 
in the plasma reforming of naphthalene were discussed, through a comprehensive analysis of 136 
the gaseous and condensable liquid products coupled with plasma spectroscopic diagnostics. 137 
 138 
2. Experimental 139 
2.1 Experimental system and product analysis  140 
The experiment was performed in a GAD reactor equipped with two semi-ellipsoidal metal 141 
electrodes (stainless steel), as shown in Fig. 1. The shortest discharge gap was fixed at 2 mm. 142 
A gas nozzle was placed between the electrodes and the diameter of the nozzle exit was 1.5 143 
mm. Naphthalene powders were placed in a metal vessel and vaporized at 60-75 oC using a 144 
water bath. A mixture of naphthalene and nitrogen with or without steam was heated up to 145 
200 oC before being injected into the GAD reactor. The flow rate of nitrogen was maintained 146 
at 4 L/min and the concentration of naphthalene can be controlled at 1.1-2 mg/L by changing 147 
the temperature of the water bath (60-75 oC). To understand the effect of steam on the 148 
reduction of naphthalene, the molar ratio of steam-to-carbon could be changed from 0.5 to 4. 149 
The GAD reactor was powered by a 10 kV/50 Hz neon transformer. The electrical signals 150 
(arc voltage U and arc current I) were sampled by a Tektronix digital oscilloscope 151 
(MDO3024).  152 
 153 
The gas products were measured by an Agilent 7820A gas chromatography system equipped 154 
with a flame ionization detector (FID) and a thermal conductivity detector (TCD). A 155 
Molecular Sieve 5A (60-80 mesh) column (HP MOLESIEVE) was used for the separation of 156 
H2 and CO, while a HP-PLOT/Q column was used for the measurement of CO2, CH4 and 157 
C2-C4 hydrocarbons. The GC was calibrated for each gas with a wide range of concentrations 158 
using standard calibration gas mixtures. The condensable liquid products in the effluent were 159 
dissolved in dichloromethane (DCM) through an ice trap. The liquid samples were collected 160 
and analyzed using gas chromatography – mass spectrometry (GC-MS, Agilent GC7820A, 161 
MSD) containing a HP-5MS column and qualitatively identified using a standard database of 162 
the National Institute of Standards and Technology (NIST). The GC-MS was calibrated for 163 
naphthalene using different naphthalene concentrations. The optical emission spectra of the 164 
GAD with and without steam was measured by a Princeton Instrument triple-grating 165 
spectrometer (Model320) equipped with an ICCD camera.  166 
 167 
 168 
Fig. 1 Schematic of the experimental system. 169 
 170 
2.2 Definition of parameters 171 
In the plasma processing of naphthalene, the conversion of naphthalene is defined as: 172 
( )
10 8
i
% 100% 
C
i o
C H
C CX -= ´                      (1) 173 
Where Ci is the inlet concentration of naphthalene and Co is the concentration of naphthalene 174 
after the plasma reaction. 175 
The yield of gaseous products (CO2, CO, CxHy and H2) is calculated as: 176 
( ) ( )( )x
x
CO
10 8
CO  produced mol s
% 100%
10 C H  input mol s
= ´
´
Y  (x = 1 and 2)          (2) 177 
( ) ( )( )x y
x y
C H
10 8
C H  produced mol s
% 100%
10 C H  input mol s
´
= ´
´
x
Y               (3)  178 
Without steam 179 
( ) ( )( )2
2
H
10 8
H  produced mol s
%  100
4 C H  input mol s
 %= ´
´
Y                 (4) 180 
With steam 181 
( ) ( )( ) ( )2
2
H
10 8 2
H  produced mol s
%  100
4 C H  input mol s +H O input mol s
 %= ´
´
Y       (5) 182 
The selectivity of COx (x = 1 and 2) is defined as: 183 
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The selectivity of hydrocarbons (CxH2x+2, CxH2x, CxH2x-2, or C1-C4) is defined as:  185 
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The carbon balance of the plasma tar reforming is given by: 191 
Without steam 192 
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With steam 194 
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The discharge power P is determined by [25]: 196 
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The energy efficiency for tar conversion is defined as: 198 
( ) mass of converted tar (g/h)  g kWh =
discharg power (kW)
E                 (15) 199 
 200 
3. Results and discussion 201 
3.1 Plasma processing of naphthalene without steam 202 
3.1.1 Effect of discharge power 203 
Fig. 2(a) illustrates the influence of plasma power on the destruction of naphthalene at a fixed 204 
C10H8 concentration. Clearly, increasing discharge power from 32 to 77 W slightly enhanced 205 
the conversion of naphthalene from 66.0% to 70.8% with the conversion being almost 206 
constant when the power was higher than 57 W, as plotted in Fig. 2(a). Furthermore, carbon 207 
balance reached a maximum (53.0%) at 46 W, and then dropped almost linearly when further 208 
increasing the plasma power as more carbon deposition could be expected at a higher power. 209 
The yields of gaseous hydrocarbons also increased with the rising discharge power, especially 210 
for C2H2, a major hydrocarbon produced in this process. Higher power input generated more 211 
C2H2 in the plasma reforming of naphthalene. Note that the yield of hydrogen was negligible 212 
and thus was not presented.  213 
 214 
    215 
(a)                                (b)   216 
 217 
(c) 218 
Fig. 2 Influence of plasma power on (a) C10H8 conversion, (b) yield of gaseous products, (c) 219 
selectivity of hydrocarbons with different unsaturation degrees (C10H8 content: 1.7 g/Nm3). 220 
 221 
Fig. 2(c) presents the selectivity of hydrocarbons with different degrees of unsaturation. 222 
Unsaturated hydrocarbon alkynes (CxH2x-2) were the main products in this reaction when 223 
compared to alkanes (CxH2x+2) and alkenes (CxH2x). It is important to note that the relative 224 
degree of unsaturation for hydrocarbons increased with the increase of discharge power, 225 
which suggests higher power enhanced dehydrogenation reactions and generated more carbon 226 
deposition. In the plasma reforming of naphthalene without steam, carbon deposition can be 227 
found on the electrode surface. Fig. 3(a) shows the scanning electron microscope (SEM) 228 
images of the deposited carbon. Interestingly, the major structure of the deposited carbon was 229 
the spherical carbon nanoparticles with a particle diameter of 40 - 60 nm. Tu and Whitehead 230 
also reported the production of spherical carbon nanoparticles with a diameter of 40-50 nm in 231 
the plasma dry reforming of CH4 and CO2 (without steam) using a similar gliding arc plasma 232 
reactor [26]. In addition, recent works reported the formation of amorphous carbon and its 233 
graphitized structure in the plasma reforming of tars using a rotating gliding arc or a 234 
microwave plasma [27, 28].   235 
 236 
 237 
Fig. 3 SEM images of the collected solid carbon deposition. (C10H8 content: 1.7 g/Nm3, 238 
Discharge power: 57 W) 239 
 240 
3.1.2 Effect of the initial naphthalene concentration 241 
The initial C10H8 concentration also affects the plasma reforming of naphthalene (Fig. 4). The 242 
conversion of naphthalene decreased substantially from 84.7% to 69.7% at a fixed discharge 243 
power despite the converted amount of naphthalene increase when the initial concentration of 244 
naphthalene was almost doubled from 1.1 to 2.0 mg/L, resulted in the enhancement of the 245 
energy efficiency for C10H8 conversion (from 2.9 to 4.3 g/kWh). These findings suggest that 246 
GAD is capable of converting a higher naphthalene feed at the compensation of slightly 247 
decreased conversion.  248 
 249 
 250 
(a)                                (b) 251 
  252 
(c)                              253 
Fig. 4 Influence of initial naphthalene concentration on (a) C10H8 conversion; (b) yield of 254 
gaseous products and carbon balance; (c) normalized selectivity of hydrocarbons with 255 
different unsaturation degrees (Discharge power: 77 W). 256 
 257 
Changing the initial concentration of C10H8 significantly changed the yield of gas products 258 
(Fig. 4(b)). For example, the yield of C2H2 was increased significantly when increasing the 259 
naphthalene feed concentration. In addition, more CH4 and C4H10 were produced in the 260 
reaction at a low naphthalene concentration of 1.1 mg/L, while higher C10H8 concentration 261 
produced less hydrocarbons (except C2H2) and more carbon deposition. Additionally, higher 262 
C10H8 concentration led to more carbon deposition, which can be evidenced by the declined 263 
carbon balance from 68.3% (at 1.1 mg/L) to 40.4% (at 2.0 mg/L), as plotted in Fig. 4(b).  264 
 265 
Changing the initial content of C10H8 also significantly changed the normalized selectivity of 266 
hydrocarbons. Fig. 4(c) shows the normalized selectivity of CxH2x-2 increased dramatically 267 
from 17% to 92%, while the selectivity of CxH2x and CxH2x+2 was significantly declined due 268 
to dehydrogenation reactions in the plasma process, which indicated that more unsaturated 269 
products were produced with increasing the concentration of C10H8.  270 
 271 
3.2 Plasma steam reforming of naphthalene  272 
3.2.1 Influence of steam-to-carbon ratio 273 
Steam-to-carbon ratio is a key operating parameter determining the plasma tar reforming 274 
process, as presented in Fig. 5. The destruction of naphthalene increased with increasing S/C 275 
ratio, and reached a plateau of 84.5% at a S/C of 2.0. Adding H2O to the plasma process 276 
generates OH via the dissociation of H2O by energetic electrons (16) and the metastable 277 
nitrogen such as N2 (A3Σ+) (17), creating new reaction pathways for the further dissociation 278 
and oxidation of naphthalene and its fragments. However, upon further increasing the ratio of 279 
steam-to-carbon to 4 this substantially reduced the conversion of naphthalene. Similarly, the 280 
influence of S/C ratio on the total gas yield showed the same evolution as the conversion of 281 
naphthalene vs S/C ratio. In this study, the optimal S/C ratio was 1.5-2.0 to achieve the 282 
highest naphthalene conversion and gas yield.  283 
 284 
Note that the conversion of naphthalene at a larger S/C ratio of 3.0 (63.7%) and 4.0 (49.7%) 285 
was even lower than that with no steam (70.4%), suggesting the presence of excess water in 286 
the plasma process had an opposite effect on the decomposition of naphthalene. Due to the 287 
electronegative character of H2O, electron attachment of H2O molecules could take place and 288 
consequently reduce the density of energetic electrons (18) and the metastable nitrogen (17). 289 
Thus, the effect of water on the conversion of naphthalene has two sides and is dependent on 290 
the balance between these two opposite effects on the reaction: i) enhanced naphthalene 291 
conversion via additional oxidation routes due to the positive effect of OH radicals; and ii) 292 
reduced naphthalene conversion resulted from the negative effect of electron attachment on 293 
water (18).  294 
 295 
H2O + e → H + OH + e   (16) 296 
H2O + N2 (A3Σ+) → H + OH + N2   (17) 297 
H2O + e → H2O-   (18) 298 
 299 
 300 
(a)                                (b) 301 
  302 
(c)                               (d) 303 
Fig. 5 Influence of steam-to-carbon ratio on (a) C10H8 conversion; (b) yield of gas products; 304 
(c) yield of CO2 and H2 and carbon balance; (d) selectivity of hydrocarbons with different 305 
carbon chains (C1 – C4) (Discharge power: 57 W; C10H8 content: 1.7 g/Nm3). 306 
 307 
In comparison to plasma reforming of naphthalene with no steam, the presence of steam in 308 
the tar reforming significantly reduced the formation of hydrocarbons except C2H2. The yield 309 
of C2H2 as a function of steam to-carbon ratio followed the same evolution as the conversion 310 
of naphthalene and total gas yield, as presented in Fig. 5(a). In addition, adding steam to this 311 
reaction produced significantly more hydrogen in comparison to the plasma processing of 312 
naphthalene without adding steam. The highest hydrogen yield of 74.9% was obtained at a 313 
S/C ratio of 0.5, while further raising the ratio of steam-to-carbon to 4.0 dramatically 314 
decreased the hydrogen yield to 9.1% which could be attributed to the negative effect of H2O 315 
molecules on the plasma reforming process. The yield of CO2 increased from 26.5% to 37.5% 316 
as the S/C ratio changed from 0.5 to 2.0, and then gradually declined to 17.4% when further 317 
changing the ratio of steam-to-carbon to 4.0, thus following a similar trend to the conversion 318 
of naphthalene. It is worth noting that introducing H2O to the plasma reduction of 319 
naphthalene process significantly reduced the carbon deposition as the carbon balance 320 
continuously increased up to 90% when varying the ratio of steam-to-carbon from 0 (without 321 
steam) to 4.0. These findings suggest that controlling appropriate steam content in the gas 322 
mixture is crucial to achieve high conversion and gas yield simultaneously in the plasma tar 323 
reforming processes, whilst keeping low carbon deposition.  324 
 325 
Fig. 5(d) shows the influence of the steam-to-carbon ratio on the selectivity of C1-C4 326 
hydrocarbons. Compared to the plasma processing of naphthalene with no steam, introducing 327 
steam to the reforming process significantly inhibited the formation of C1, C3 and C4 328 
hydrocarbons. By contrast, the selectivity of C2 hydrocarbons increased when changing the 329 
molar ratio of steam-to-carbon from 0 to 3 and was significantly higher than that of other 330 
hydrocarbons (C1, C3 and C4). Furthermore, the influence of the S/C ratio on the energy 331 
efficiency for naphthalene conversion followed a similar trend to the conversion of 332 
naphthalene and reached a peak of 5.7 g/kWh at the steam-to-carbon ratio of 1.5-2 (Fig. 6).  333 
 334 
 335 
Fig. 6 Energy efficiency for C10H8 conversion with different S/C molar ratios (C10H8 content: 336 
1.7 g/Nm3; Discharge power: 57 W). 337 
 338 
3.2.2 Influence of discharge power 339 
Fig. 7 presents the influence of discharge power on the plasma steam reforming of 340 
naphthalene with the optimal molar ratio of steam-to-carbon (2.0). Increasing discharge 341 
power from 35 to 57 W notably enhanced the conversion of naphthalene by 18.2% (from 66.8% 342 
to 85%), and the total yield of gaseous products from 53.5% to 72.2%. The enhancement of 343 
the total gas yield was mainly attributed to the increased C2H2 yield (from 19.2% to 32.9%) 344 
when increasing the discharge power, as the yield of C1 - C4 hydrocarbons except C2H2 345 
showed an opposite trend: decreasing with increasing discharge power, in particularly, the 346 
yield of methane dropped by around 90% from 3.5% to 0.4%.   347 
 348 
Meanwhile, the yield of CO2 and H2 maintained an upward trend from 23.6% to 40.5% and 349 
from 15.4% to 25.3% respectively when increasing the discharge power, as presented in Fig. 350 
7(c). By contrast, the CO yield declined from 5.6% (at 35 W) to 2.8% (at 51 W), and was not 351 
detected when further increasing the discharge power to 57 W, suggesting that the water gas 352 
shift reaction (WGS) (19) could be promoted when increasing the power. This interesting 353 
finding also indicates that the discharge power could be used to control the water gas shift 354 
reaction (19) to tune the distribution of major gas products in this work.  355 
 356 
The discharge power showed a limited effect on carbon balance which was maintained at 357 
around 88% when increasing the discharge power. This result is desirable as significantly 358 
decreased carbon balance is often found when increasing the power due to the production of 359 
more carbon in plasma reforming processes. 360 
CO + H2O → CO2 + H2   (19) 361 
 362 
       363 
(a)                                   (b) 364 
      365 
(c)                                  (d) 366 
Fig. 7 Influence of discharge power on (a) C10H8 conversion; (b) yield of gaseous products; (c) 367 
carbon balance and yield of CO2, CO and H2; (d) selectivity of hydrocarbons with different 368 
carbon chains (C1 – C4) (C10H8 content: 1.7 g/Nm3; S/C ratio: 2.0). 369 
 370 
   371 
Fig. 8 Influence of plasma power and steam on the energy efficiency for the conversion of 372 
naphthalene (C10H8 concentration: 1.7 g/Nm3; S/C ratio: 2.0). 373 
 374 
Fig. 8 presents the influence of steam and discharge power on the energy efficiency for the 375 
reduction of naphthalene in the plasma tar reforming process. Clearly, the energy efficiency 376 
for naphthalene conversion decreased with an increase in discharge power regardless of the 377 
use of steam. For instance, the energy efficiency for naphthalene conversion declined from 378 
8.4 g/kWh at 32 W to 3.5 g/kWh at 77 W. Notably, the effect of steam on the energy 379 
efficiency was limited at a lower discharge power (< 45 W). However, at a higher discharge 380 
power (> 45 W), adding steam in the plasma processing of tar enhanced the energy efficiency 381 
for naphthalene conversion in comparison to the plasma tar reforming in the absence of steam. 382 
In addition, Fig. 8 shows the presence of steam has a prominent effect on the conversion of 383 
C10H8 at a higher discharge power (> 45 W). Higher energy input could produce more active 384 
species (e.g. OH radicals) and electrons to compensate the negative effect of electron 385 
attachment of water (18) causing the reduced number density of reactive species (e.g., OH 386 
radicals) and electrons for tar reduction. This phenomenon reveals that choosing an 387 
appropriate plasma power is crucial to dissociate steam for the production of oxidative OH 388 
radicals as the formation of chemically reactive species and electrons in the plasma is 389 
strongly correlated to the power input. 390 
 391 
Table 1 summarizes the performance (conversion and energy efficiency) of plasma 392 
processing of naphthalene using different non-thermal plasma processes, namely plasma 393 
oxidation of highly diluted low concentration naphthalene and plasma reforming of 394 
naphthalene with higher concentration, as limited works and data are available in the plasma 395 
reforming of naphthalene for such a comparison. Compared to the plasma reforming of 396 
naphthalene, we found that the efficiency for naphthalene conversion was higher in the 397 
plasma oxidation of highly diluted naphthalene (20-70 ppm) using either DBD or surface 398 
discharge [22, 23]. It is important to note that the efficiency of C10H8 conversion is dependent 399 
on the input concentration of naphthalene, and a lower concentration of naphthalene leads to 400 
higher energy efficiency. In addition, DBD plasma is effective in the destruction of low 401 
concentration naphthalene and similarly with the oxidation of diluted VOCs. However, it is a 402 
challenge to use DBD or surface discharges for the processing of large carbon molecules such 403 
as naphthalene as a tar surrogate especially at higher concentration. This disadvantage of a 404 
DBD system is related to the relatively low electron density in DBDs and resulted 405 
polymerization taking place in the plasma destruction of naphthalene, especially in the 406 
absence of steam [26]. In addition, GAD reactors shows a stronger capacity of C10H8 removal 407 
at a higher concentration with an energy efficiency between 2-6 g/kWh [20]. In this work, the 408 
efficiency for the conversion of C10H8 was achieved at 4.6 g/kWh with a conversion of 71%, 409 
which is higher compared to previous works on the reforming of naphthalene as a tar 410 
surrogate (2.2 g/kWh). In addition, adding appropriate steam could further enhance both the 411 
conversion and efficiency to 85% and 5.7 g/kWh, respectively. 412 
 413 
 414 
 415 
 416 
 417 
 418 
 419 
Table 1 Conversion and energy efficiency of plasma processing of naphthalene using 420 
different plasma processes. 421 
Process Plasma Carrier gas 
Tar a 
(g/Nm3) 
Flow 
rate 
(m3/h) 
SEI b 
(kWh/m3) 
Conversion c 
(%) 
E d 
(g/kWh) 
Ref 
Low 
concentration 
DBD 10% 
O2/N2 
0.46 0.03 0.02 83 12.7 [23] 
Surface 
DBD 
Air 0.37 0.03 0.02 95 17.6 [22] 
DC 
corona 
Humid 
air/O2 
0.05 0.3 0.006 32 3.2 [29] 
High 
concentration 
GAD 
(DC) e 
O2 1.3 0.40 0.47 92 3.6 [20] 
GAD C7H8/ 
Humid N2 
1.1 0.21 0.29 61 2.2 [30] 
GAD 
(DC) e 
C7H8/ 
Humid N2 
7.1 4 0.1 93 62.5 [31] 
GAD N2 1.7 0.24 0.26 71 4.6 
This 
work 
GAD Humid N2 1.7 0.24 0.25 85 5.7 
This 
work 
a Tar represents the initial concentration of naphthalene. 
b SEI represents the specific energy input which is defined as the ratio of discharge power to total flow 
rate. 
c Conversion represents the conversion of naphthalene. 
d E represents the energy efficiency for naphthalene conversion. 
e DC gliding arc plasma 
 422 
3.3 Underlying mechanism for the plasma processing of naphthalene 423 
To gain insights into the role of H2O in the plasma naphthalene reforming, plasma 424 
spectroscopic diagnostics was carried out to better understand the production of chemically 425 
reactive species in the plasma reaction under different experimental conditions. Fig. 9(a) and 426 
(b) show that the emission of the GAD using N2/C10H8 in the absence of steam was similar to 427 
that of the N2/C10H8 GAD with a low S/C (0.5). Both spectra (Fig. 9(a) and 9(b)) were 428 
dominated by the CN (B2Σ+ → X2Σ+) violet system (388.3 nm, 421.6 nm) [32] and C2 swan 429 
bands (A3Πg → X’3Πu, 460 - 520 nm) [33]. Additionally, a Hγ peak (5d2D → 2p2p0, 433.9 nm) 430 
appeared in Fig. 9(b), and could be formed via the dissociation of H2O (16 & 17) [25].  431 
 432 
In the absence of steam or in the presence of limited steam (e.g., S/C=0.5), strong CN 433 
(B2Σ+→ X2Σ) violet bands were observed, which can be attributed to the reactions of N2 434 
molecules or N atoms with CHx (x = 1 - 4) species [34, 35]. In addition, CN can also be 435 
formed through the interaction of N2 with carbon deposition, which could explain why adding 436 
sufficient steam (e.g., S/C=4.0) to the GAD tar reforming process greatly reduces the relative 437 
emission of CN molecular bands due to less carbon deposition at a higher S/C.  438 
  439 
 440 
 441 
                  (a)                               (b) 442 
 443 
(c) 444 
Fig. 9 Emission spectra of the GAD using (a) N2/C10H8; (b) N2/C10H8/H2O (S/C = 0.5); (c) 445 
N2/C10H8/H2O (S/C = 2.0) (C10H8 content: 1.7 g/Nm3; Discharge power: 77 W).  446 
 447 
Compared to the plasma reforming without steam or with limited steam, Fig. 9(c) shows the 448 
presence of sufficient steam (S/C ratio = 2.0) in the nitrogen plasma reforming of naphthalene 449 
generates more reactive species. The intensity of CN molecular bands declined substantially 450 
at a higher S/C ratio (S/C ratio = 2.0) due to the generation of more oxidative species such as 451 
OH radicals, while the intensity of N2 (C3Πu → B3Πg) second positive system (357.7 nm) 452 
[36], OH (A2Σ+ → X2Π) bands (305 - 330 nm) and the Hγ atomic line (433.9 nm) became 453 
much stronger. In addition, Hβ (4d2D → 2p2p0, 486.1 nm) and Fulcher-α band H2 (d3Π u → 454 
a3Σg+, 610 - 617 nm) were also detected, indicating the formation of hydrogen (20 and 21) [37, 455 
38]. A strong NH (A2Π → X3Σ) transition at 336.0 nm was found in the spectrum of the GAD 456 
with a high S/C ratio of 4.0 [39], while no NH bands were identified in the plasma reaction 457 
with a low S/C (0.5) despite more hydrogen being generated. This difference suggests that 458 
NH might not be formed directly from N2 and H2. By contrast, N atoms, dissociated from N2 459 
(22), could react with OH (23), CHx (24), H2 (25), and H2O (26) species to form NH [25, 460 
40-43]. Meanwhile, a series of carbonic species, including CO (b3Σ+ → a3Π, 283 nm and 297 461 
nm) bands [42], CH (C2Σ+ → X2Πu, 314.4 nm), C3 (A1Πu → X1Σg+, 405 nm) [43], C2 swan 462 
system (A3Πg → X’3Πu), and CI (538 nm) transition [33], were detected due to the high 463 
conversion of C10H8.  464 
 465 
H + H + e → H2 + e            (20) 466 
CHx + e → CHx-2 + H2 + e       (21) 467 
N2 + e → 2N + e               (22) 468 
N + OH → NH + O          k = 1.01 × 10-20 cm3 molecule-1 s-1    (23) 469 
N (2D) + CH4 → NH + CH3    k = 3.3 × 10-12 cm3 molecule-1 s-1    (24) 470 
N (2D) + H2 → NH + H        k = 2.3 × 10-12 cm3 molecule-1 s-1    (25) 471 
N (2D) + H2O → NH + OH     k = 4.2 × 10-11 cm3 molecule-1 s-1    (26) 472 
 473 
Moreover, NOγ (A2Σ+ → X2Π) bands at 200-275 nm were detected when adding sufficient 474 
steam (S/C=2.0) to the plasma reforming of naphthalene [36], which suggest that NO can be 475 
formed mainly from the reaction of N2 (A3Σ+) and O atom (27) [39]. Besides, N atoms could 476 
also react with OH and O2 to form NO through the reactions (28 and 29) [39]. 477 
 478 
N2 (A3Σ+) + O → NO (X2Π) + N (2D)     (27) 479 
N + OH → NO + H                   (28) 480 
N (2D) + O2 → NO + O (3P, 1D)         (29)  481 
 482 
To elucidate the underlying plasma chemistry and reaction pathways in the plasma processing 483 
of naphthalene, a comprehensive analysis of the condensed liquid samples was performed. 484 
The major by-products in the plasma destruction of naphthalene without steam can be 485 
classified into three groups according to their structures (Table 2): (i) unsaturated long chain 486 
hydrocarbons, including 1,5-heptadien-3-yne, 1-heptene-4-methayl, 1-hexene-4,5-dimethyl, 487 
and 3,4-isodecene; (ii) mono-substituted benzene derivatives, including toluene, 488 
benzene-1-ethynyl-4-methyl, and cyclohexane-1-ethyl-2-methyl; (iii) polycyclic 489 
hydrocarbons, including naphthalene-1,4,5,8-tetrahydro. Similar groups of by-products were 490 
also reported by Yu and his co-workers [20]. The initial destruction of naphthalene in the 491 
nitrogen GAD without steam is mainly driven by naphthalene dehydrogenation (30 and 32) 492 
and cleavage of a benzene ring (31 and 33) by electrons and metastable N2 species such as N2 493 
(A3Σ+) [20]. However, the contribution of direct electron impact dissociation to the initial 494 
destruction of naphthalene is minor compared to metastable N2 species which dominate the 495 
decomposition of naphthalene (30 and 31) in this process [44].  496 
 497 
C10H8 + N2* → C10H7 + H + N2     (30) 498 
C10H8 + N2* → C9H7 + CH + N2    (31) 499 
C10H8 + e → C10H7 + H + e        (32) 500 
C10H8 + e → C9H7 + CH + e       (33) 501 
Where N2* represents metastable nitrogen species such as N2 (A) and N2 (a’). 502 
 503 
Table 2 Condensed liquid by-products of plasma destruction of naphthalene with no steam 504 
1,5-Heptadien-3-yne 1-Heptene-4-methyl  
  
1-Hexene-4,5-dimethyl  3,4-Isodecene  
  
Toluene  Benzene-1-ethynyl-4-methyl  
  
Cyclohexane-1-ethyl-2-methyl  Naphthalene-1,4,5,8-tetrahydro  
  
 505 
Table 3 shows that injecting H2O to the GAD processing of naphthalene greatly minimizes 506 
the generation of by-products owing to the enhanced oxidation contributed by the presence of 507 
more oxidative species such as OH and O (34 & 35) [20, 45, 46]. The rate constant of the 508 
reaction 34 is significantly higher than that of 35, which suggests that OH radicals make a 509 
critical contribution to the plasma conversion of naphthalene. 510 
 511 
C10H8 + OH → products     k = 1 × 10-11 cm3 molecule-1 s-1   (34) 512 
C10H8 + O → C10H7 + OH    k = 3 × 10-15 cm3 molecule-1 s-1   (35) 513 
 514 
Additionally, both toluene and benzene-1-ethynyl-4-methyl were found as by-products in the 515 
GAD processing of naphthalene regardless the use of steam. However, indene and 516 
naphthalene-1,2,3,4-tetrahydro were only found in the GAD steam reforming of naphthalene. 517 
It was reported that indene would be formed through two pathways. One is via the formation 518 
of the naphthoxy radical followed by carbon subtraction [47, 48]. The other route could be 519 
the hydrogenation and decarbonization of naphthalene [49]. In addition, 520 
naphthalene-1,2,3,4-tetrahydro could be formed through the hydrogenation of naphthalene.  521 
 522 
Table 3 Condensed liquid by-products of plasma steam reforming of naphthalene 523 
Toluene Benzene-1-ethynyl-4-methyl 
  
Indene Naphthalene-1,2,3,4-tetrahydro 
  
 524 
   525 
Fig. 10 Possible reaction pathways of steam reforming of naphthalene in GAD system 526 
 527 
Fig. 10 shows the proposed reaction pathways of the GAD steam reforming of naphthalene. 528 
The OH radicals generated from H2O dissociation in the plasma significantly contribute to 529 
the destruction of naphthalene through the recombination of an OH radical with one of the 530 
benzene rings, forming two different structures of σ-complexes ((a) and (d) in Fig. 10). Note 531 
that both σ-complexes are highly reactive as the reactions to form these σ-complexes require 532 
a negative activation energy [50]. In reaction route (I), unstable intermediates react with 533 
peroxy radicals, producing 2-naphthol (b) followed by the decarbonization of 2-naphthol to 534 
produce indene (c), one of the major by-products shown in Table 2. Meanwhile, 535 
1,4-naphthaquinone (e) could be formed from naphthalene via the reaction route (II). The 536 
cleavage of ring in 1,4-naphthaquinone generates benzaldehyde (f), a key intermediate in this 537 
reaction. In addition, benzyl alcohol (g) can be formed via the hydrogenation of 538 
benzaldehyde, further producing toluene (k) by cracking. On the other hand, benzaldehyde 539 
can react with CH2 radicals to form acetophenone (h), which can be further converted to 540 
phenylethyne (i) via dehydration. Moreover, benzene-1-ethynyl-4-methyl (j) can be generated 541 
through the recombination of phenylethyne with CH2 radicals.  542 
 543 
In addition, the cleavage of naphthalene can take place through its collision with metastable 544 
N2 species and energetic electrons. Route (III) shows that these ring cleavage reactions form 545 
mono-substituted benzene derivative, such as phenylethyne. Moreover, the route (IV) of 546 
C10H8 destruction generates C2H2 directly, the major gaseous product, followed by the 547 
step-wised oxidation process to form CO2, CO and H2O.  548 
 549 
4. Conclusion 550 
Plasma reforming of naphthalene as a typical two-ring tar model compound from the 551 
gasification of biomass was carried out in a GAD reactor with/without steam. The influence 552 
of key operating parameters including S/C ratio, naphthalene concentration and discharge 553 
power on the plasma processing of naphthalene was evaluated. The distribution of gaseous 554 
products could be tuned by changing these key parameters. More C2H2 and less CH4 could be 555 
produced at a higher inlet concentration of naphthalene, while the highest hydrogen yield of 556 
74.9% was obtained with the presence of limited steam (S/C=0.5) in the plasma process. An 557 
optimum S/C of 2.0 was found to obtain the highest decomposition of C10H8 (84.8%), C2H2 558 
yield (33%), total gas yield (72.2%) and energy efficiency (5.7 g/kWh). Adding appropriate 559 
amounts of steam to the plasma reforming of naphthalene enhanced the destruction of 560 
naphthalene, and the process efficiency whilst minimizing the generation of condensable 561 
by-products and carbon deposition. The plausible reaction routes of the plasma processing of 562 
naphthalene were proposed through a comprehensive analysis of gaseous and condensable 563 
products combined with optical emission spectroscopic diagnostics. Naphthalene 564 
dehydrogenation and cleavage of benzene ring have been identified as the two major 565 
reactions for the initial decomposition of naphthalene. Dissociation of naphthalene by 566 
metastable nitrogen species dominates the destruction of naphthalene, while direct electron 567 
impact dissociation makes a minor contribution to the decomposition of naphthalene. The 568 
generated OH radicals initiate step-wised oxidation of naphthalene and its fragments towards 569 
to the formation of CO, CO2 and water. 570 
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